In this study, we investigated the direct detection of DNA, without pretreatment, using a quartz crystal microbalance (QCM) sensor. This sensor is modified by a self-assembled monolayer of a thiol derivative that has an amino group as the terminal functional group. Contact angle values and the attenuated total reflectance Fourier transform infrared (ATR/FT-IR) spectra of the QCM sensors after immersion into an ethanol solution of thiol derivatives clearly showed that self-assembled monolayers of the derivatives were formed on the QCM sensors. Although QCM measurements using unmodified and carboxylic group-modified sensors could not detect DNA-Na salt, the sensor modified with amino groups could detect the DNA. This system can be used for the analysis of the interaction between DNA and DNAbinding proteins.
Introduction
The development of analytical methods for measuring the interaction between biomolecules is very important to the understanding of biological activities. Many tools for elucidating biomolecular interactions have been investigated. Nuclear magnetic resonance NMR provides information on molecular structures, conformational changes, and intermolecular interactions 1 5 . Since different molecules have different bonds and conjugation patterns, UV-vis spectroscopy holds promise for monitoring biomolecular interactions 6 10 . Fluorescence resonance energy transfer FRET applied to biosensors enables the detection of interactions with high sensitivity and accommodates a wide range of donor and acceptor molecules 11 15 . Surface plasmon resonance SPR is an optical-sensing method that measures changes in the refraction of a thin metal film surface upon binding with a given molecule 16 18 .
Recent DNA technology is very advanced 19 21 , for example, DNA damage response DDR and/or increasing replication stress result in genomic instability which is a key property of cancer 22 . Therefore, the detection of DNA is one of the most important research projects. Quartz crystal microbalance QCM measurement is one of the most powerful tools for providing qualitative and quantitative information about biomolecular interactions by the detection of mass change 23, 24 . Although the adsorption of DNA on QCM sensors is an important technique for the elucidation of replication and transcription processes, DNA is not directly adsorbed by Au on the QCM sensors. One of the most popular techniques to overcome this problem is using an avidin-bound QCM surface and biotinylated DNA 25, 26 . However, this technique requires a complicated process to synthesize biotinylated DNA. Thus, the immobilization of DNA on QCM sensors without pretreatment is one of the most important challenges for the detection and investigation of the relationship between DNA and biomolecules using QCM measurements.
Molecules having thiol groups form self-assembled monolayers SAMs with high density and degree of orientation on Au substrates 27, 28 . SAMs can be formed by dipping the substrates into a solution containing thiol derivatives. In addition, many thiol derivatives have various terminal functional groups. These derivatives promise to enable facile surface modification of Au with various terminal functional groups. The modification of Au on the surface of the QCM sensors with thiol derivatives allows the adsorption and immobilization of biomolecules with facile pretreatment. This also indicates that DNA without pretreatment can be adsorbed on a QCM sensor due to the interaction between DNA and functional groups on the sensor. Furthermore, the mixing of thiol derivatives having various terminal functional groups can control the surface condition 29 31 and promises the methodology for the detection of the strength of interaction between biomolecules and functional groups on sensors. Here, we demonstrate a novel detection technique for DNA, as shown in Fig. 1 . In this study, we prepared QCM sensors modified with thiol derivatives and investigated the detection of DNA molecules without pretreatment based on their adsorption and immobilization on the QCM sensors.
Experimental Procedures 2.1 Materials
HS CH 2 11 OCH 2 CH 2 6 OCH 2 COOH and HS CH 2 11 OCH 2 CH 2 6 NH 2 HCl Altech Co. were used to modify the QCM sensors. These thiol derivatives have carboxylic and amino groups as terminal functional groups, respectively. Sodium chloride, sodium dihydrogen-phosphate, and disodium hydrogen-phosphate were purchased from Wako Pure Chemical Industries, Ltd. and used for the synthesis of phosphate buffered saline PBS . DNA-Na salt originating from salmon soft roe approximately 20,000 Da; Nissei Bio Co., Ltd. was used for the investigation of DNA immobilization on the QCM sensors.
Fabrication of PBS at pH 6.7
PBS at pH 6.7 was prepared as follows: A total of 14 mL of 100 mM sodium dihydrogen-phosphate aqueous solution was mixed with 16 mL of 100 mM disodium hydrogenphosphate aqueous solution. Then, 270 mL of distilled water was added to the solution. Finally, 8 mL of this mixture and 12 mL of distilled water were added to 20 mL of 100 mM NaCl aqueous solution and de-aerated.
Preparation of QCM sensors modified with thiol de-
rivatives QCM sensors 13 mm 2 were immersed in 5 μM ethanol solutions with 0.35 mL of the thiol derivatives at room temperature for 24 h. Afterwards, the sensors were washed with ethanol. The obtained sensors were characterized by contact angle measurements using 2 μL water droplets, and by Fourier transform infrared spectroscopy FT-IR; JASCO, FT/IR-4200 using the attenuated total reflectance ATR method.
QCM measurements using the sensors modi ed with thiol derivatives
The immobilization of DNA using the NAPiCOS system with a QCM twin sensor Nihon Dempa Kogyo Co., Ltd. was investigated as follows: QCM sensors modified with thiol derivatives were placed in PBS. The flow rate of the PBS was fixed at 0.05 mL/min. After the stabilization of the QCM frequency, 5.0 10 5 g/mL DNA-Na salt PBS solution was injected and the in-situ QCM frequency shifts were monitored as a function of time.
Results

Preparation of QCM sensors modified with thiol de-
rivatives First, we carried out contact angle measurements of the QCM sensors after immersion in ethanol solutions with the thiol derivatives. Table 1 shows the contact angles for Table 1 Contact angles for water on the sensors before and after surface modification with thiol derivatives.
water on unmodified QCM sensors and on sensors modified with thiol derivatives. The contact angle values on the modified sensors were higher than that of the unmodified sensor. These results suggested that the QCM sensors were modified with SAMs of thiol derivatives. Moreover, we investigated the formation of SAMs of thiol derivatives on QCM sensors using ATR/FT-IR spectroscopy measurements. Figure 2 i shows the ATR/FT-IR spectra of unmodified and thiol derivative-modified QCM sensors. Although no peaks assigned to thiol derivatives were detected in the ATR/FT-IR spectrum of the unmodified QCM sensor Fig. 2 i a , peaks due to C-H stretching vibrations of thiol derivatives appeared at approximately 2850 and 2920 cm 1 in ATR/FT-IR spectra of the modified sensors with thiol derivatives having carboxylic Fig. 2 i b and amino Fig. 2 i c groups, respectively. These results demonstrated that the QCM sensors were modified with SAMs of thiol derivatives having carboxylic and amino groups.
QCM measurements using the sensors modi ed with thiol derivatives
We carried out the QCM measurements using the modified sensors to investigate DNA detection based on its adsorption. Figure 3 shows the frequency changes for DNA adsorption onto the unmodified and modified QCM sensors. The time of DNA injection is indicated as 0 min. When we used an unmodified sensor, a slight frequency decrease was observed Fig. 3 a . Here, DNA does not possess functional groups that are able to interact with Au. Therefore, this decrease is considered to be based on the adsorption of impurities. In the case of the carboxylic group-modified sensor, a frequency change was not observed, and the value stayed constant Fig. 3 b . This means that DNA was not adsorbed on the sensor modified with thiol derivatives having carboxylic groups. These results indicate that DNA was not adsorbed and immobilized on these sensors. Figure 3 c shows the result of QCM measurements using the sensor modified with amino groups. A large decrease in frequency of approximately 250 Hz was observed after approximately 60 s from the time of DNA injection. After this decrease, the frequency became constant. The mass of adsorbent calculated by Sauerbrey s equation was 120 ng/ cm 2 . These results suggested that DNA was adsorbed and immobilized on the sensor modified with the thiol derivative having amino groups.
Afterwards, in order to identify the adsorbents on the sensors, we carried out ATR/FT-IR measurements of the sensors immersed in a 5.0 10 5 g/mL DNA-Na salt PBS solution for 10 min. The spectra of the sensors are shown in Fig. 4 . Although ATR/FT-IR spectra of the sensors before immersion in a DNA-Na salt solution Fig. 2 ii have no peak in the region between 1800-1700 cm 1 , a broadened peak was observed in this region in ATR/FT-IR spectra of unmodified and amino group-modified sensors Fig. 4 ii a, c . This region has peaks assigned to carbonyl stretching vibrations, excluding amide bonds. This suggests that impurities, such as fatty acids, were adsorbed onto these sensors, and that the frequency decrease of the unmodified sensor was related with this adsorption. Next, we focused on the region 1700-1600 cm 1 . The peak assigned to DNA appears in this region 32, 33 . Although the ATR/FT-IR spectra of unmodified and carboxylic group-modified sensors shown in Fig. 4 ii a and b do not have this peak, the peak is present in the spectrum of the sensor modified with the thiol derivative having amino groups Fig.  4 ii c . Subsequently, we focused on the ATR/FT-IR spectra in the region 3200-2500 cm 1 . The peaks assigned to the thiol derivatives were detected in the ATR/FT-IR spectrum of the carboxylic-group modified sensor Fig. 4 i b . A broadened peak was also observed at approximately 2850 cm 1 in the spectrum of the sensor modified with amino groups Fig. 4 i c . The same broadened peaks were observed in the region 3050-2900 cm 1 in ATR/ FT-IR spectra of unmodified and amino-group modified sensors. From the results mentioned so far, these broadened peaks are originated from impurities. Adsorption of impurities resulted in the broadening of the peak assigned to the thiol derivative having amino groups. These results clearly showed that the SAMs of thiol derivatives remained on QCM sensors after immersion in a DNA-Na salt solution. This means that DNA was adsorbed and immobilized on the sensors due to the interaction between DNA and the amino group of the thiol derivative. These results are in good agreement with the frequency changes shown in Fig.  3 . The results of QCM and ATR/FT-IR measurements clearly reveal that by using a sensor modified with amino groups, we can detect DNA, such as biotinylation, without the need for pretreatment.
The above results can be explained by considering mainly the zeta potential of the terminal functional groups of the thiol derivatives and in one case the functional groups of DNA. DNA does not have any functional groups, such as the thiol group, that can form interactions with Au. Therefore, unmodified sensors cannot detect DNA because they do not interact with DNA to enable adsorption. QCM measurements were carried out using PBS at pH 6.7. The sensor modified with carboxylic groups is negatively charged due to the dissociation of carboxylic groups. Electrostatic repulsive forces between carboxylic groups on the sensor and the phosphate groups of DNA led to their nondetection by QCM measurements. In contrast, amino groups on the sensor are positively charged at approximately pH 6 34 37 . The electrostatic attractive force between the amino groups and the phosphate groups in DNA results in the adsorption and immobilization of DNA on the sensor.
Conclusions
This study demonstrated a facile technique for DNA detection due to adsorption and immobilization of DNA using QCM sensors modified with SAMs of thiol derivatives. We succeeded in the preparation of QCM sensors modified with SAMs of thiol derivatives having carboxylic and amino groups. The amino group-modified sensor could detect DNA-Na salt without pretreatment. The adsorption and immobilization of DNA on the sensor took place due to the electrostatic attractive force between amino groups on the sensor and the DNA-Na salt. These results suggested that the choice of an appropriate terminal functional group on thiol derivatives can lead to the stable immobilization of various biomolecules on Au. In addition, QCM measurements using sensors modified with SAMs of thiol derivatives can detect mass changes due to interactions between biomolecules and terminal functional groups of thiol deriv- atives without the need for complicated pretreatment. This method holds promise as an important technique for the facile detection of biomolecules and the investigation of biomolecular interactions.
